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CHEMICAL 



y«nmr.ATION 0* BIOMEDICAL MATFRIAI-S WITH GENIPIN 



Field of the Invention 



The present invention relates to chemical modification of biomedical materials, such as 
collagen, chitosan, and hemoglobin, with a naturally occurring crosslinking reagent, genipin, 
and to biocompatible materials, useful in biological implants, adhesives, wound dressings, and 
blood substitutes, which are crosslinks or polymerized with genipin. 
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Rark ffround the Invention 

Crosslink^ of biological molecules is often desired for optimum effectiveness tn 
biomdical applications. For example, collagen, which constitutes the structural framework 
of biological tissues, has been extensively used for manufacturing bioprostheses and other 
5 implanted structures, such as vascular grafts, wherein it provides a good medium for cell 
infiltration and proliferation. Collagen sheets are also u*d as wound dressings, providing the 
advantages of high permeability to water vapor and rapid wound healing. Disadvantages of 
uncrosslinked collagen include low tensile strength and ready degradation by collagenase. The 
fixation, or crosslinking. of collagenous tissues increases mechanical strength, reduces.cleavage 
10 by collagenase. and reduces antigenicity and immunogenicity. 

Chitosan. a deacetylated derivative of chitin, contains free amino groups which may also 
be chinked, e.g. by glutaraldehyde (Jameela), and has been used or proposed for use in 
implanted drug-delivery devices, skin substitutes, wound dressings, and other biomatenals. It 
has shown the beneficial property of reducing calcification when coated on other implanted 

15 materials (Chanda). 

Various crosslinking reagents have been used in the chemical modification of anune- 
containing biomedical materials. The most common are synthetic chemicals such as 
formaldehyde, glutaraldehyde, dialdehyde starch, glycoaldehyde, cyanamide, diimides, and 
diisocyanates. Of these, glutaraldehyde, which reacts rapidly with proteins, is the most 

20 commonly used. 

Problems which have been encountered with crosslinked collagen include the tendency to 
calcify when implanted, leading to stiffness around an implant, eventual degradation and 
resorption into the surrounding tissue, and toxic reactions to crosslinking reagents. 
Glutaraldehyde is known to have allergenic properties, causing occupational dermatitis, and B 
25 cytotoxic at concentrations greater than 10-25 ppm and as low as 3 ppm in tissue culture. 

AnotheruseMapplicationofaosslinkedbiologicalmaterialsism Cell- 
free hemoglobin, a blood substitute, is useful for antigen-free blood transfusions, but is easily 
transformed from tetramer to dimer during circulation. High oxygen affinity and short half-life 
are additional limitations of this material. These difficulties may be overcome by chemical 
30 modification of hemoglobin with a crosslinking reagent (see e.g. Chang, Keipert). The 
increase of the half-life of hemoglobin in circulation and the reduction of its oxygen affinity 
can be achieved by both intermolecular and intramolecular crosslinking.. Crosslinking with 
glutaraldehyde, however, has been found to induce dimer formation during hemoglobin 
polymerization. 
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It is therefore desirable to provide a crosslinking reagent suitable for use in biomedical 
applications which is of low toxicity, forms stable, biocompatible crosslinked products, and 
retains its stability upon implantation. 

5 Summary of the Invention 

In one aspect, the invention provides a biocompatible implant or wound dressing. The. 
implant or dressing is of a material which comprises a biocompatible crosslinked ainine- 
containing biomolecule, selected from chitosan or a connective-tissue protein, where the 
biomolecule is crosslinked with genipin. Where the biomolecule is a connective-tissue protein, 

10 the protein is preferably collagen. Also provided is a biocompatible adhesive, which comprises 
a biocompatible crosslinked gelatin, derived from a collagenous source, where the gelatin is 
crosslinked with genipin. 

In another aspect, the invention provides a method of manufacturing a biocompatible 
implant or wound dressing. The method includes the steps of fabricating a material which 

15 comprises an amine<ontaining biomolecule, selected from chitosan or a connective-tissue 
protein, into a structure suitable for the implant or dressing, and crosslinking the material with 
genipin. When the material comprises a connective-tissue protein, the protein is preferably 
collagen. 

In other aspects, the invention provides a composition suitable for use in a blood substitute, 
20 which comprises hemoglobin crosslinked with genipin, and a method of preparing the 
composition, by treating hemoglobin with an amount of genipin effective to crosslink the 
hemoglobin. Preferably, the crosslinked hemoglobin has a mean degree of polymerization 
greater than 1 and less than about 9. 

25 Brief Pescrioiimi of the Figures 

Figures 1A-H are computer-generated images derived from photomicrographs (X200) of 
uncrosslinked, or fresh tissues (1A-B), and tissues crosslinked with glutaraldehyde (GA) (1C- 
D), epoxy (EX-810) (1E-F), and genipin (1G-H), before and after collagenase degradation, 
respectively; 

30 Figures 2 and 3 show the denaturation temperatures of the test samples from Figure 1, 
obtained before and after collagenase or pronase degradation, respectively; 

Figure 4 shows the tensile strengths of fresh, glutaraldehyde-fixed, epoxy-fixed, and 
genipin-fixed tissues before and after collagenase degradation; 
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Figures shows the denaturation temperatures of fresh, glutaraldehyde-fixed (GA), epoxy- 
fixed (EX-810), and genipin-fixed pericardial tissues before (t = 0) and after (t - 1 wk; t -4 
wks) subcutaneous implantation in a growing rat model; 

Figure 6 shows the tensile strengths of the samples from Figure 5, before and after 

5 implantation; 

Figure 7 shows the calcium content of the samples from Figure 5. before and after 
implantation; 

Figures 8A-8D are computer-generated images derived from photomicrographs 

(magnification xl^ 
10 (B) 1 ppm glutaraldehyde, (C) 5 ppm epoxy compound, and (D) 1,000 pptn genipin; 

Figures9A-9H are computer-generated images derived from scanning electron mtcrographs 
(magnification x 1,500) of (A) fresh tissue. (B) glutaraldehyde-fixed tissue, (Q epoxy-fixed 
tissue and (D) genipin-fixed tissue, all before implantation. (E) the fresh tissue retneved 1 
week after implantation, and (F) glutaraldehyde-fixed tissue. (G) epoxy-fixed tissue, and (H) 
15 genipin-fixed tissue retrieved 12 weeks after implantation; 

Figures 10A-C are computer-generated images derived from photomicrographs 
(magnification x 200) of (A) g.utaraldehyde-fixed tissue. (B) epoxy-fixed tissue, and (C) 
genipin-fixed tissue retrieved 12 weeks after implantation and stained with hematoxylin and 
eosin; and 

20 Figure 11 shows a chromatographic trace obtained from HPLC of polymerized and 

unpolymerized hemoglobin. 

Detailed Descr r*"" "f the Invention 
I. Definitions 

25 The terms below have the following meanings unless indicated otherwise. 

'Genipin' refers to the naturally occurring compound shown as Structure I and to its 
stereoisomers and mixtures thereof . 

A "collagenous material" or "collagenous source" refers to a material which largely 
comprises collagen, such as a sample of mammalian connective tissue, and is suitable for 
30 fabrication of a biological prosthesis, implant, graft, or wound dressing. 

A "biological implant" refers to a biomedical device which is inserted into, or grafted onto, 
bodily tissue to remain for a period of time, such as an extended-release drug delivery device, 
vascular or skin graft, or prosthesis. 
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•Crosslink* hemoglobin" refers to hemoglobin which contains intramolecularly 
crosslink* hemoglobin, where crosslinks exist between individual chains in the tetrameric 
molecule, and/or intermolecularly crosslinked hemoglobin, or polyhemoglobin. where 
tetrameric molecules are linked together. 

"Degree of polymerization" refers to the number of hemoglobin molecules linked together 
in a crosslinked hemoglobin. For example, the designation Hbj indicates two hemoglobin units 
joined by an intermolecular crosslink; they may be intramolecularly crosslinked as well. 
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II. Pr oration and P^rti*; of Genipin 

Genipin, shown below as Structure I, is an iridoid glycoside present in fruits (Gardenia 
jasmindides Ellis). It may be obtained from the parent compound geniposide, structure II, 
which may be isolated from natural sources as described in. for example, Oka. Okada, or 
Kometani. Genipin. the aglycone of geniposide. may be prepared from the latter by oxidation 
followed by reduction and hydrolysis fTanaka) or by enzymatic hydrolysis (Fujikawa). 
Alternatively, racemic genipin may be prepared synthetically. e.g. according to the method of 
Buchi. y U 

no, 




OH 




MeO 



Although Structure I shows the natural configuration of genipin. any stereoisomer or 
mixture of stereoisomers of genipin may be used as a crosslinking reagent, in accordance with 
the present invention. 

Genipin has a low acute toxicity, with LD* i.v. 382 mg/k in mice. It is therefore much 
less toxic than glutaraldehyde and many other commonly used synthetic crosslinking reagents. 
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As described below, genipin is shown to be an effective crosslinking agent for treatment 
of biological materials intended for in vivo biomedical applications, such as prostheses and 
other implants, wound dressings, and blood substitutes. 

5 ffl rv^ciinwin,, of Biolo r"' Sjrygtyraj Compounds with Genipin 

The biological compounds which are crosslinked preferably include connective-ussue 

is produced by hydrolysis of collagen or collagenous tissues. Other amine-containingstmctural 
compounds, such as chitosan, may also be treated with genipin to produce biocompattble 

10 crosslinked materials. 

The fabrication of such materials, particularly collagen, with or without crosslinking, mto 
nodical devices such as bioprostheses, skin and vascular grafts, and wound dressings is well 
established in the art. See, for example, discussion in "Prosthetic and Biomedical Devices", 
Kirk-Othmer Encyclopedia of Chemical Science & Technology, John Wiley & Sons, 1995. and 

15 additionalrefercncessuch^ For references 

to uses of chitosan in such applications, see. for example, Chandy (1990. 1995) Jameela, and 
Olsen. 

Genipin-crosslinked collagenous tissues may also be used in homeostasis, by provuhng a 
biocon^patible surface fo^ A biocompatible 

20 adhesive may be prepared by crosslinking a gelatin, derived from hydrolysis of collagen or 
hydrolytic treatment of a collagen-containing tissue, with an amount of genipin effecfve to g.ve 
the desired adhesiveness and consistency. 

For crosslinking collagenous tissues, an effective amount of genipin was found to be about 
200mlofa5% solution for a 6x6 cm sheet of tissue, as described in Example 1. More or less 
25 reagent could be used depending on die desired crosslinking density. Similarly, for 
crosslinking of gelatin or chitosan, routine experimentation may be used to determine the 
amount of reagent appropriate for the desired characteristics in the final product. 

As demonstrated below, genipin-fixed collagenous tissues are highly reststant to 
degradation by collagenase or pronase, and their biocompatibility is demonstrated ,n 
30 subcutaneous implant experiments. The following sections describe the properties, mcludmg 
enzyme resistance, retention of mechanical properties, and low toxicity, of collagen ttssue 
samples crosslinked with genipin, compared to samples crosslinked with other commonly used 



reagents. 
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A gtahilit y to Det^ HativR F.nzvmes 

To determine the stability of collagenous fibers treated with various crosslinking reagents, 
tissue samples were treated with the reagents, subjected to degradation with collagenase or 
pronase, and examined, as described in Example 1 below. 

Figures 1A-H present computer-generated images derived from photomicrographs of the 
fresh(lA-B),glutaraldehyde-f«ed(lC-D),epoxy-fixed(lE-F) 

samples before and after collagenase degradation, respectively. After degradation, the fresh 
tissue had disintegrated into pieces (Figure IB). In contrast, the collagen fibril structures of 
.heglutaraldehyde-fixedandgenipin-fixed tissues remained u«act after collagen^edegradauon 
(Figures ID and 1H), while slight disintegration of the collagen fibrils of the epoxy-fixed tissue 

was observed (Figure IF). 

The denaturation temperature of each test sample was measured by a Perkin Elmer 
differential scanning calorimeter (Model DSC 7. Norwalk. Connecticut, USA). Figures 2 and 
3 give the denaturation temperatures of the above^esignated test samples before and after 
collagenase or pronase degradation, respectively. No denaturation temperatures of the fresh 
(uncrosslinked) tissues could be determined after collagenase or pronase degradatton. due to 
the extensive disintegration of these samples. As illustrated in the figures, the decline m 
denaturation temperature for the g eni P in-fixed tissue «2%) was less than that for the 
glutaraldehyde- and epoxy-fixed tissues (3-10%). 

The genipin-fixed tissues also showed superior retention of tensile strength. Tissue stnps 
were cut from each test sample before and after in vitro degradation for tensile strength 
cements. Stress-strain curves of the tissue strips were determined by umaxud 
m easuremenls using an Instron Universal Testing Machine (Model 4302) at a constant speed 
of 50 mm/min. Figure 4 shows the results of the tensile stress measurements of the fresh, 
glutaraldehyde-fixed, epoxy-fixed, or genipin-fixed tissues before and after collagenase 
degradation. Tte tensile stress of the fresh tissue was recorded as zero after degradation, agam 
due to the extensive disintegration of this sample. As shown in the figure, the reduction ,n 
tensile stress for the genipin-fixed tissue was minimal « 1 %), and was significantly less than 
for the gmtaraldehyde-fixed and epoxy-fixed tissues (31% and 25%, respectively). 

The above results show that genipin-fixed collagenous tissues have thermal stabmty and 
tensile strengths similar to glutaraldehyde-fixed tissues, and that they retain their tensde 
stre „gth and thermal stability to a significantly greater degree than the glutaraldehyde- and 
epoxy-fixed tissues upon treatment with coUagetHlegrading enzymes. 
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B. <!tahilitv in Subcutaneous I mplantation 

1. Shgft Term Stu dy /Four Weeks) 
A subcutaneous implantation study was conducted, using a growing rat model, to evaluate 
the stability (change in denaturation temperature and tensile strength) and level of calcium 
5 deposition in implanted pericardial tissues crosslinked with genipin. Fresh (uncrosslinked), 
glutaraldehyde-fixed. and epoxy-fixed tissues were also tested. 

The tissue samples were prepared as described in Example 2. A subcutaneous implant 
study was conducted on 6-week-old male Wistar rats, and implants were retrieved at 1 week 
and 4 weeks post-implantation. 
10 Fresh samples were generally thinner than the crosslinked samples at 1 week post 
implantation, and were completely degraded at 4 weeks. At 4 weeks, a thin layer of host tissue 
was observed on the genipin-fixed samples, but not on the glutaraldehyde- or epoxy-fixed 
samples. The genipin-fixed samples thus appeared to be the most biocompatible by thts 
standard. 

15 The denaturation temperatures and tensile strengths of the samples were determined, as 

described above, before and after implantation. As shown in Figure 5. the denaturation 
temperatures of the genipin-fixed and glutaraldehyde-fixed samples were similar and were 
significantly higher than mat of the epoxy-fixed samples. This suggests a higher crosslinkmg 
density in the genipin-fixed and glutaraldehyde-fixed tissues, fa all cases, fade degradation in 
20 denaturation temperature was observed up to four weeks post-implantation. 

As shown in Figure 6. the tensile strength of the genipin-fixed sample was superior at all 
stages to that of the epoxy-fixed sample. Pre-implantation and at 1 week post-implantation, the 
tensile strengths of the genipin- and glutaraldehyde-fixed samples were similar. A. 4-weeks 
post-implantation, however, the genipin-fixed sample had substantially greater tensile strength 
25 than the glutaraldehyde-fixed sample. 

Figure 7 shows the amount of calcium deposited during implantation, as determined by 
atomic absorption spectroscopy as described in Examples. As the figure shows, calcium 
deposition was fairly similar for the genipin- and epoxy-fixed samples, and was less, at 1 week, 
man that shown for the uncrosslinked sample. The glutaraldehyde-fixed sample showed 
30 substantially greater calcium deposition at 1 week, and a level similar 

samples at 4 weeks. 

The above results show that collagenous tissues crosslinked with genipin show similar or 
superior stability and biocompatibility to those crosslinked with glutaraldehyde. without the 
attendant toxicity of glutaraldehyde and related compounds. 



PCT/US97/20113 

WO 98/19718 

9 

2. I ™f » Term Study (Twelve Weeks) 
Sterilized samples of fresh (uncrosslinked). glutaraldehyde, epoxy, and genipin-fixed 
porcine pericardia were implanted subcutaneously in a growing rat model (6-week-old male 
Wistar) under aseptic conditions, as described for the short-term study above. Four samples, 
5 one from each studied group, were implanted on the upper back of the animal model; the other 
four samples, again one from each studied group, were implanted on the lower back, in reverse 
order. Each test sample was approximately 0.5 cm in width and .2 cm in height. The order 
of the test samples in each row was routed from animal to animal. Ttte implanted, samples 
were then retrieved at 1 week (n - 4). 4 weeks (n = 4). and 12 Weeks (h = 8) 

10 postoperatively. 

At retrieval, each retrieved sample was examined and photographed. It was noted that the 
retrieved fresh tissue was significantly thinner than the glutaraldehyde-, epoxy, and 
genipin-fixed counterparts. At 4 weeks postoperatively, six out of the eight implanted fresh 
tissue samples were found to be completely degraded, while the other two fresh samples were 
15 being absorbed by the host tissue. In contrast, the glutaraldehyde, epoxy-. and gempm-fixed 
tissues remained intact thloughout the entire course of the study. 

Scanning electron microscopy (SEM) was used to examine the surface morphology of each 
retrieved sample. The samples used for the SEM examination were first fixed wtth 2% 
glutaraldehyde in O.IM sodium cacodylate (pH 7.4) and then postfixed in 1% osnuutn 
20 tetroxide. Subsequently, the samples were dehydrated in a graded series of ethanol solutions, 
critical-point dried with carbon dioxide, and spattered with gold film. The examination was 
performed with a Hitachi Model S-800 scanning electron microscope. 

Figures 9A and 9E show computer-generated images derived from the SEM micrographs 
of the fresh tissue before implantation and retrieved at 1 week postoperatively. As shown m 
25 Figure 9E. the fresh tissue retrieved at 1 week postoperatively was already degraded 
extensively. The glutaraldehyde- and genipin-fixed tissues retrieved at 12 weeks 
postoperatively (Figures 9F and 9H. respectively) were slightly degraded as compared to their 
counterparts before implantation (Figures 9B and 9D. respectively). Tne degree of degradatron 
for the epoxy-fixed tissue (Figure 9G vs. 9C) was more extensive than for its glutaraldehyde- 

30 and genipin-fixed counterparts. 

The samples used for light microscopy were fixed in 10% phosphate buffered formalin for 
at least 3 days and prepared for histopathological examination. In the histopathologtca. 
examination, the fixed samples were embedded in paraffin, sectioned into a thickness of 5 m, 
and stained with hematoxylin and eosin (H&E). The stained sections of each test sample were 



WO 98/19718 



PCT7US97/20U3 



10 



15 



20 



25 



10 



examined by light microscopy (Nikon.Mierophoto-FXA) for tissue inflammatory reaction and 
photographed with 100 ASA Kodachrome film. 

Computer-generated images derived from the photomicrographs of the glutaraldehyde-, 
epoxy-, and genipin-fixed tissues retrieved at 12-week postoperatively are shown in Figure 
10(A-C). It should be noted that no photomicrograph of the fresh tissue retrieved at this time 
could be made, due to its complete degradation. The inflammatory reaction of the 
genipin-fixed tissue was significantly less than that of its glutaraldehyde- and epoxy-fixed 
counterparts, indicating superior biocompatibility of the genipin-fixed tissue, due to its 
significanUy lower toxicity (see Section C, below). 

Atomic absorption analysis was used to determine the calcium content of each retrieved 
sample, as described in Example 3. Calcium content data for the fresh, glutaraldehyde-, 
epoxy-. and genipin-fixed tissues before implantation and those retrieved at 1-. 4-. and 
12-weeks postoperatively are presented in Table 1. expressed as «g calcium per mg of dry 
tissue weight. It should be noted that no data could be obtained for the fresh (uncrossed) 
tissues retrieved at 4- and 12 weeks postoperatively, due to their complete disintegration. As 
shown in the table, no significant differences in calcium content were observed in this study 
between the samples before implantation and those retrieved at various implantation times. 

Table 1 

Poi.;,,m Content feg r a lri.,m/m g Dry Tissue Weight) Before 
im plantation and at Di fferent Implantation Tunes 



30 



Implantation 
Duration 


Fresh 


Glut 


Epoxy 


Genipin | 


1 0wk(n=4) 


l.2±0.1 


1.5±0.1 


1.8±0.6 


1.5±0.6 1 


I 1 wk (n=4) 


l.9±0.2 


2.9±0.9 


1.5±0.1 


1.5 ±0.3 | 


4 wks (n=4) 


N/A" 


1.8±0.3 


1.6±0.2 


2.1 ±0.4 | 


1 12 wks (n=8) 


N/A 


1.6*0.5 


1.9±0.9 


1.7±0.6 | 



Data are presented in mean ± standard deviation. 

*N/A: Data were not available due to complete degradation of the tissue. 



C. r ytntoxicitv Study 

The cells used in this study were human foreskin fibroblasts derived from the foreskin of 
35 a normal newborn infant. The cells were cultured in 3.5-cm diameter petri dishes (10 s cells 
per dish) in Dulbeceo's modified eagle medium (DMEM, Gibco 430-2800EG, Grand Island, 
NY. USA) supplemented with 10% fetal calf serum (Hyclone Laboratories, Logan. Ut., USA). 
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The cell culture was maintained in a humidified incubator at 37°C with 10% CO, in air for 
24h. 

The medium was then replaced with genipin (Challenge Byproducts Co., Taichung, 
Taiwan) in DMEM. at a concentration of 0 (blank), 10, 100, or 1,000 ppm fog/ml). 
5 Glutaraldehyde and an epoxy compound (ethylene glycol diglycidyl ether, Denacol® EX-810, 
Nagase Chemicals, Ltd. . Osaka, Japan) were also tested, at a concentration of 1 , 5, or 10 ppm. 

After 24 h of culture, the cells were washed twice with phosphate buffered saline, and the 
medium was replaced with a fresh DMEM medium without any test crosslinking reagent. 
Finally, the cells were incubated for another two weeks. During this period, the medium was 
10 changed once. 

Figure 8A shows a computer-generated image derived from a photomicrograph of a control 
culture of human fibroblasts, cultured as described above, but without any test crosslinking 
reagent. As shown in the figure, the cells observed in the petti dish were confluent. Figures 
8B-8D show computer-generated images derived from photomicrographs of the human 

15 fibroblasts cultured in media supplemented with different crosslinking reagents at the following 
concentrations: 1 ppm glutaraldehyde (8B), 5 ppm epoxy (8C), and 1000 ppm genipin (8A). 

The ceH density was lowest in the medium supplemented with glutaraldehyde (Figure 8B) 
and slighdy higher in the epoxy-treated culture. Both were much less than that found in the 
control medium. In contrast, the cell density seen in the medium supplemented with genipin 

20 (Figure 8D) was significantly greater than those supplemented with glutaraldehyde or epoxy 
compound, in spite of a much higher concentration of genipin used. This result suggests that 
the cytotoxicity of genipin is significantly lower than that of glutaraldehyde and the epoxy 
compound. 

25 IV Crosslinking o f Hemoelobin 

Hemoglobin polymerized with genipin has a stable tetramer structure, and the molecular 
weight distribution remains unchanged over an extended storage period, as shown by the results 
described in this Section. 

In crosslinking of hemoglobin for use as a blood substitute, it is desirable to obtain a 
30 distribution of hemoglobin oligomers consisting of 2-9 units, while minimizing the formation 
ofoverpolymerized hemoglobin (>9units and >500KDa) and methemoglobin. Insupport 
of the present invention, studies were carried out on the effect of several factors on product 
distribution obtained from treatment of hemoglobin with genipin. These factors, discussed 
individually below, are (a) reaction time, (b) concentration of hemoglobin, (c) molar ratio of 
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genipin/hemoglobin, (d) reaction temperature, (e) buffer pH and (fj addition of lysine as a 
quenching reagent. 

For each reaction, hemoglobin was initially purged with CO gas in order to decrease 
methemoglobin formation during reaction. Product distribution was analyzed by HPLC as 
5 described in Example 3, below. 



A. Reaction Time 

Product distribution was observed over 2-48 hr, where hemoglobin concentration was 14 
: g/dl and genipin concentration was 15 mM, at pH 7.0 and 4 0 C. At 12 hr, the level of Hb, 
10 (unpolymerized hemoglobin) was reduced to 60.15%, and methemoglobin had increased only 
from 14.98% to 18.81%, as shown in Table 2. At more than 15 hr, over-polymerized 
hemoglobin (>500 KDa) was observed, the desired crosslinked hemoglobin had; increased 
minimally, and methemoglobin increased rapidly. The optimal reaction time under these 
conditions was therefore about 12-15 nr. 

Table 2 

Molecular Weight Distribution and 



15 



20 



25 



30 



>r.i.OBiN Formation at Different Reaction Times 



Reaction 
Time 



Hb,% 



Hb^.% 



Hbs:,% 



Met 
Hb% 



2hr 



6hr 



9hr 



12hr 



15hr 



24 hr 



48 hr 



91.69 



76.22 



65.44 



60.51 



45.98 



40.95 



39.87 



6.31 



12.84 



15.98 



17.32 



18.00 



17.99 



18.89 



7.51 



15.24 



15.80 



16.97 



17.34 



15.43 



2.00 



6.95 



13.73 



16.87 



14.92 



5.32 



9.02 



12.89 



14.98 



15.31 



17.66. 



18.81 



22.83 



24.56 



30.33 



"Hb,: number of crosslinked hemoglobin units 

"Met Hb: Methemoglobin 

Initial percent methemoglobin was 15.69%. 



B. Hemoglobin Concentration 

Genipin concentration, pH, and reaction temperature were the same as used for Section A, 
above. A hemoglobin concentration in the range of 10-14 g/dl was found to be appropriate for 
35 the polymerization reaction. When the concentration is less than 10 g/dl, the desired 
crosslinked hemoglobin (<500 KDa) increases with increasing concentration of hemoglobin, 
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but the reaction rate is slow. For concentrations higher than 14 g/dl, both overpolymerized 
hemoglobin and methemoglobin are increased, as shown in Table 3. 



10 



15 



Table 3 

M0T.FrtH.AR WFT-HT DISTRIBUTION AND METHE M Ofll/fflfN FORMATION AT DIFFERE NT 

Hemoglobin Concentrations 



! Hemoglobin 
Concentration 


Hb,% 


Hbj% 


Hb„% 


Hb M % 




Met | 
Hb% J 


7 g/dl 


77.15 


10.69 


10.12 


2.04 




11.21 


10 g/dl 


70.89 


13.23 


12.69 


3.19 




12.69 


12 g/dl 


66.10 y 


15.98 


15.24 


2.68 




13 : 58 


14 g/dl 


59.15 


18.59 


16.42 


5.84 




13.10 


16 g/dl 


44.39 


16.27 


18.14 


16.56 


3.33 


17.88 



*Hb„: number of crosslinked hemoglobin units 
'Met Hb: Methemoglobin 

"Initial percentage of methemoglobin was equal to 10.08 



20 



25 



30 



35 



C. fienipin/Hemnglobin Ratio 

No changes were made to hemoglobin concentration (14 g/dl), temperature or pH. The 
optimum molar ratio of gempin/hemoglobin was found to be in the range of 6/1 to 9/1. At 
molar ratios less than 6/1, the reaction rate was very slow and the yield of polymerized 
hemoglobin was low. Molar ratios greater than 9/1 did not increase the desired polymerized 
hemoglobin, but did produce higher levels of methemoglobin and overpolymerized hemoglobin, 
as shown in Table 4. 

Table 4 

r rMCTMBimON AND METWFMOr.T.OBTN F™MATinN AT DIFFERENT 



Moi.grin.AR Weight 



Genipin/Hb 
Molar Ratio 


Hb,% 


Hbj% 


Hb w % 


Hbj4% 


Hb>,% 


Met 
Hb% 


6/1 . 


67.66 


15.79 


12.63 


3.92 




19.38 


7/1 


64.55 


16.59 


13.42 


5.44 




19.77 


1 871 


63.15 


17.10 


13.80 


5.95 




20.01 


9 J1 


62.45 


18.03 


15.05 


7.11 




22.44 


| I 0 ' 1 


47.58 


17.44 


16.98 


12.83 


5.17 


25.59 
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"Hb: hemoglobin 

Ht>,: number of crosslinked hemoglobin uniis 

"Met Hb: Methcmoglobin 

Initial percent methcmoglobin was 22.18%. 



10 



D. Buffer pH 

For this series of reactions, temperature was 4»C, reaction time was 15 hours, and 
concentrations of hemoglobin and genipin were 10 g/dl and 15 mM (molar ratio 7/1). Aqueous 
solutions ofpotassiumhydrogenphosphate(0.05M, P H4.0), sodium phosphate (0.001 M, pH 
9.0). sodium borate (0.01 M, pH 9.0), and sodium carbonate/sodium bicarbonate (0. 19 M/0. 18 
M) were used to prepare buffers having pH values of 5 .5, 7.5 and 9.5, respectively. As shown 
in Table 5, neutral and basic pH were most favorable for the polymerization of hemoglobin. 



15 



20 



25 



Table 5 

MOLECULAR WEIGP T D istr IRt ITION AND 

mkthfmoglq mn formatio n at nmrcttENT pH Values 



1 PH 

Value 


Hb,% 


Hb,% 


Hb M % 


Hb M % 


Hb>,% 


Met 

m% 


5.5 


72.07 


14.22 


11.47 


2.24 




15.66 


7.5 


70.89 


14.42 


11.66 


3.03 




16.10 


9.5 


49.61 


17.49 


16.45 


12.01 




13.89 



'Hb.: number of crosslinked hemoglobin units 

"Met Hb: Methemoglobin 

"Initial percent methemoglobin was 17.12%. 



30 E. Reaction Temperature 

The concentrations of hemoglobin and genipin were unchanged for this series of reactions, 
and the pH was adjusted to 7.0. A range of temperatures from 4°C to 40°C was employed, 
giving the results shown in Table 6. As shown, higher temperatures induce a higher degree of 
polymerization of hemoglobin. At 3<M0«C 60*5% of unpolymerized hemoglobin reacts 
within 2 nr. Not surprisingly, however, higher temperatures also increased formation of 
overpolymerized hemoglobin and methemoglobin as well as bacteria production. Suitable 
temperatures were between 4°C and 20 8 C. 



35 
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15 




MoygOBAR WEIG«T nigTRnumON ^ METITF.MQGLOBTN FORMATION AT DIFFERENT 

' Reaction Tfmvkratxjres 



*Hb„: number of crossl inked hemoglobin units 

*Mel Hb: Mcthemoglobin 

'Initial percent methemoglobin was 10.08%. 



Reaction 
Temp. 


Hb,% 


Hb,% 


Hbj4% 


Hb M % 


Hb>,% 


Met 
Hb% 


4°C 


94.18 


5.82 








14.99 


10°C 


89.30 


8.05 


2.65 






15.33 


20'C 


71.72 


15.54 


12.31 


0.43 




15.98 


30°C 


38.00 


15.20 


16.74 


21.35 


8.71 


17.99 


40°C 


34.38 


13.65 


15.49 


20.21 


16.27 


19.15 | 



20 



25 



30 



35 



F. Addition of Ly sine as Tenninator 

Lysine is commonly used as a terminator for protein crosslinking reactions. Two 
polymerizations were carried out simultaneously, and to one was added lysine at 14.5 hr. 
Concentration of hemoglobin and genipin was 14 g/dl and 15 mM, as above, reaction time was 
15 hr. and reaction temperature was maintained at 4°C. As shown in Table 7. lysine was 
effective in quenching polymerization and reducing the level of overpofymerized hemoglobin. 

Table 7 

Effect ™ lysine Q^cmNa agent o n MOmscular WBgg Distribution and 

^^vrnnmBIN FnwMATTON IN HEMOOIOBIN POLYMERIZATION 



Quencher 


Hb t % 


Hbj% 


Hbj4% 


Hb M % 


Hb >9 % 


Met 
Hb% 


| Blank 


45.98 


18.00 


16.97 


13.73 


5.32 


15.69 


1 Lysine 


45.97 


18.81 


18.97 


15.93 


0.32 


14.58 



*Hb„: number of crosslinked hemoglobin units 

•Met Hb: Methemoglobin 

initial percent methemoglobin was 12.08%. 
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EXAMPLES 

The following examples illustrate but in no way are intended to limit the present invention. 

Bv,ns r lA 1 • Stahilitv of Cm^linlced Collag e"* Tissues to Derradative Enzymes 

5 Fresh porcine pericardia procured from a slaughterhouse were used as raw materials. The 

tissue samples were immediately transferred into cold saline after removal and shipped for 
fixation. Five percent genipin solution buffered with phosphate buffered saline (pH 7.4) was 
used to crosslink the biological tissue. The treatment was conducted at 37°C for 3 days. After 
fixation, the biological tissue was rinsed in deionized water for 60 minutes. Subsequently, the 

10 fixed tissue was sterilized with a 70% ethanol solution for 7 days at 37°C. Glutaraldehyde- 
and epoxy-fixed counterparts were used as controls. A 0.625% solution of glutaraldehyde was 
used for fixation. The epoxy reagent was a 4% solution of ethylene glycol diglycidyl ether, 
Denacol®EX-810, obtained from Nagase Chemicals, Ltd., Osaka, Japan. 

Light microscopy was used to examine the changes in collagen fibril structure of each test 

15 sample before and after collagenase or pronase degradation. The test samples were fixed in 
a 10% formalin solution and prepared for histological examination. In the histological 
examination, sections of each test sample, before and after degradation, were stained with 
hematoxylin and eosin. 

The denaturation temperature of each test sample was measured by a Perkin Elmer 

20 differential scanning calorimeter (Model DSC 7, Norwalk, Connecticut, USA). Results are 
described above and shown in Figures 2 and 3. Tissue strips were cut from each test sample 
before and after in vitro degradation for tensile strength measurements. Stress-strain curves 
of the .tissue strips were determined by uniaxial measurements using an Instron Universal 
Testing Machine (Model 4302) at a constant speed of 50 mm/min. Results are described above 

25 and shown in Figure 4. 

Example 2: Subcutaneous Implantation Study 

Fresh porcine pericardia, as described above, were used as raw materials. Samples were 
rinsed and trimmed to remove blood and fat before fixing with genipin (5% solution), epoxide 
30 (4% solution of Denacol® EX-810, Nagase Chemicals, Ltd., Osaka, Japan) or glutaraldehyde 
(0.625% solution) for 3 days at 37°C. The amount of solution used in each case was about 
200' ml for a 6x6 cm porcine pericardium. The epoxy solution was buffered with 0.21M 
sodium carbonate/0.02M sodium bicarbonate (pH 10.5), while the glutaraldehyde and genipin 
solutions were buffered with 0.01 M phosphate buffered saline (pH 7.4, Sigma Chemical Co., 
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St. Louis, MO). The fixed pericardia were sterilized with a series of ethanol solutions having 
increasing concentration (20% - 75%) for approximately 5 hours, and finally rinsed several 
times in sterilized phosphate buffered saline. 

A subcutaneous implant study was conducted on 6-week-old male Wistar rats under aseptic 
5 conditions. Implants were retrieved at 1 and 4 weeks post-implantation. The denaturation 
temperatures and tensile strengths were determined as in Example 1 , and the calcium level was 
determined by atomic absorption spectroscopy. Results are described above and shown in 
Figures 5-7. 

10 Exam ple 3: Def miinaiion of C alcium Content of Implanted Tissue Samples 

The retrieved tissues samples were lyophilized for 24 h and weighed. The lyophilized 
sample was then immersed in a 6 N HC1 solution (approx. 3 mg lyophilized tissue/3 mL 6N 
HCl) and subsequently hydrolyzed in a microwave hydrolysis system (MDS-2000, CEM Co., 
Matthews, NC, USA) for 45 min. Finally, the hydrolyzed sample was diluted with a solution 

15 of 5% lanthanum chloride in 3N HCl solution. The calcium content of each test sample was 
determined by an atomic absorption spectrophotometer (Model AA-100, Perkin Elmer Inc., 
Norwalk. Conn., USA)- 

F.xamnle 4: Polymerization of Hemoglobin 

20 Hemoglobin solution was purged with carbon monoxide for 1 hour at 4°C, then genipin 

was added to the solution. Reaction time, concentrations, temperature and pH were varied as 
described above. Molecular weight distribution (degree of crosslinking) and percentage of 
raethemoglobin were analyzed using high performance chromatography on a TSK 3000 SW gel 
filtration column (mobile phase solvent 0.1M phosphate buffer, 0.3 M NaCl, pH = 7; flow 

25 rate = 0.8 ml/min; detector at 410 ran and 280 ran). A typical profile is shown in Figure 11. 
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IT IS CLAIMED: 

1. A biocompatible implant or wound dressing, comprising a biocompatible 
crosslinked amine<ontaining biomolecule, selected from chitosan or a connective- 

5 tissue protein, wherein said biomolecule is crosslinked with genipin. 

2. The implant or wound dressing of claim 1, wherein said biomolecule is a 
connective-tissue protein. 

10 3. The implant or wound dressing of claim 2, wherein said connective-tissue protein 
is collagen. 

4. The implant or wound dressing of claim 1, wherein said biomolecule is chitosan. 

15 5. A biocompatible adhesive, comprising a biocompatible crosslinked gelatin derived 
from a collagenous source, wherein said gelatin is crosslinked with genipin. 

6. A method of manufacturing a biocompatible implant or wound dressing, 
comprising fabricating a material comprising an amine-containing biomolecule, 

20 selected from chitosan or a connective-tissue protein, into a structure suitable for said 
implant or dressing, and crosslinking said material with genipin. 

7. The method of claim 6, wherein said material comprises a connective-tissue 
protein. 

25 

8. The method of claim 7, wherein said connective-tissue protein is collagen. 

9. The method of claim 7, wherein said material comprises chitosan. 

30 10. A composition suitable for use in a blood substitute, comprising hemoglobin 
crosslinked with genipin. 



11. The composition of claim 10, wherein the crosslinked hemoglobin has a 
degree of polymerization greater than 1 and less than about 9. 
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12. A method of preparing crosslinked hemoglobin, comprising treating the 
hemoglobin with an amount of genipin effective to crosslink said hemoglobin. 

13. The method of claim 12, wherein the hemoglobin is treated with an amount of 
genipin effective to give a mean degree of polymerization greater than 1 and less than 
about 9. 
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Fig • IF 
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